Zirconia particles were prepared by interfacial reaction crystallization in a coaxial tubular reactor. Zirconia particles were prepared by neutralization reaction in interfacial reaction crystallization, not by alkoxide method from viewpoint of inexpensive and simplified approach. A microfluidic channel was utilized for fabricating monodispersed zirconia particles in a continuous flow process. Particle size distribution and morphology of zirconia prepared by a coaxial tubular reactor were evaluated. Monodispersed solid zirconia particles were obtained by a coaxial tubular reactor in one step process. Furthermore, monodispersed porous zirconia particles were obtained by a coaxial tubular reactor in two step process. We succeeded in preparing monodispersed zirconia particles controlled morphology by inexpensive and simplified approach using two different kinds of tube reactor.
Ceramics has been applied to various materials because of having outstanding characteristics. 1) In recent days, a further functionality of ceramics has been required. One of approaches for high functionality is a preparation of the porous ceramic particles or an installation of cavity to ceramics.
2)4) In addition, composite structures and interfaces in particular could give new functions to materials, and technologies that produce such structures have been recognized as drivers of innovative product development. We targeted on a zirconia particle because it has been expected to application of catalysis and thermal barrier by preparation of porous zirconia particles and composite materials with zirconia particles. 5) Several methods such as template method and alkoxide using emulsion are available for producing porous ceramic particles. 6 ), 7) Template method requires complicated procedures that pyrolysis or chemolysis was performed to remove the core particle after coating the shell particles around core particle. 8),9) Furthermore, alkoxide method using emulsion enable to prepare a porous particles by simple method that involve hydrolysis of metal alkoxide on the oil-liquid interface of emulsion. However, metal alkoxide of raw materials is too expensive to produce in large volume and the control of emulsion size and agglomeration of emulsion is difficult. 10) Liquidliquid interfacial crystallization is the crystallization method that we proposed in previous papers. 11),12) In this technique, solute particles are precipitated from solutions at an interface between two partially miscible liquids. Solute or solvent ions mutually diffuse in the vicinity of the liquidliquid interface based on their mutual solubility curve. Use of this technique has led to the successful creation of varieties of asymmetric particles, porous particles, and composite particles. 13 )15) Furthermore, we could succeed in preparing porous titania particles using liquidliquid interfacial solgel process. 16 ), 17) In the present study, the zirconia particles were prepared by liquidliquid interfacial reaction crystallization in the tube reactor. Microchannels in tube reactor have attracted attention for producing composite particles because there is the possibility for production in a single step.
18) The zirconia particles were prepared by neutralization reaction in interfacial reaction crystallization within tube reactor, not by alkoxide method from viewpoint of inexpensive and simplified approach. A microfluidic channel was utilized for fabricating monodispersed zirconia particles in a continuous flow process. Particle size distribution and morphology of zirconia prepared by two kinds of a coaxial tubular reactor were controlled.
All the chemical reagents were analytical grade purchased by Nacalai Tesque Inc. (Kyoto, Japan) and used without further purification. Water and 1-butanol were used after deionization followed by distillation.
A typical preparation procedure is as following. The interfacial reaction crystallization method was used for preparing zirconia particles. Water and 1-butanol were prepared because of using mutual diffusion phenomenon in the liquidliquid interface based on their mutual solubility curve. Zirconium oxychloride was selected as a starting precursor for preparing zirconia particles. The zirconium oxychloride solution of 0.1 mol/L was prepared. Ammonia solution of 28.0 vol% and sorbitan monooleate of 3.0 vol% were dissolved into 1-butanol for neutralization with zirconia oxychloride. Here, sorbitan monooleate of surfactant was selected for inhibiting the aggregation of droplets. The surfactants such as sodium dodecyl sulfate (SDS) and cetrimonium bromide (CTAB) are commonly used for capping the surface of ceramic nanoparticles or modifying the surface of them. 19 )21) These surfactants are well-known as ionic surfactants, whereas sorbitan monooleate also are well-known as an nonionic surfactant.
Comparing sorbitan monooleate with SDS and CTAB, SDS and CTAB was better water-soluble than sorbitan monooleate. Addition of water-soluble surfactant may induce the purity decrease or the change in morphology. To create the zirconia particles with high purity, we selected sorbitan monooleate of nonionic surfactant as a surfactant. These components have been preliminarily optimized for preparing the zirconia particles. A schematic of the experimental apparatus used for the coaxial tubular reactor (YMC Co., Ltd., Japan) is shown in Fig. 1 . Zirconia particles were prepared by using two options such as one step and two step process. The coaxial tubular reactor used in one step process had the inner and outer walls with diameters of 50 and 750¯m, respectively. Flow rate of ZrOCl 2 solution supplied from A side was 25¯L/min and that of 1-butanol including ammonia solution of 28.0 vol % and sorbitan monooleate of 3.0 vol % supplied from B side was 2475¯L/min. The flow rate in the tube reactor was controlled by a microsyringe pump system (YMC Co., Ltd., Japan, MR2 Pump). Two step process was consisted of two coaxial tubular reactors. As shown in Fig. 1 , two step process connected between reactor X and reactor Y. A coaxial tubular reactor X used in two step process had the inner and outer walls with diameters of 50 and 1000¯m, respectively. Flow rate of ZrOCl 2 solution supplied from A side was 25¯L/min, and that of 1-butanol including sorbitan monooleate of 10.0 vol % supplied from B side was 975¯L/min, and that of 1-butanol including ammonia solution of 28.0 vol % supplied from C side was 3500 L/min. As described above, the flow rates of water and 1-butanol in the reactor were controlled by syringe pumps connected to the microchannel. Zirconia particles were obtained under a reduced pressure using a membrane filter with a pore size of 1.0¯m. The particles were separated by filtration and dried in a desiccator with blue silica for 24 h at room temperature.
Obtained zirconia particles were characterized by powder X-ray diffraction (PXRD) (Rigaku, RINT 2000) using Cu-K¡ radiation under the scan rate of 2.0 deg./min. Zirconia particle morphology was observed using scanning electron microscopy (SEM; VE7800, Keyence Co., Ltd.). Prior to examination, all samples were sputtered with a thin layer of gold under vacuum (Hitachi, E-1045) to prevent the contamination of the images by the charging of the samples. The diameter and morphology of zirconia particles could be evaluated by using a microscopic method at the same time. The particle size was obtained using image analysis software (WinROOF, Mitani Co., Ltd.) by measuring the Martin diameter from SEM images. Here, Feret or Martin diameter is generally selected as the evaluation of particle size using a microscope method. In case of spherical particles, the particle diameter would remain almost unchanged even if they were evaluated using Feret or Martin diameter. The inner structure of zirconia particles was examined by cutting the particles with a cross-section polisher (JEOL Ltd., SM09010). The crosssections were observed by SEM images. The acceleration voltage was adjusted to 6 kV, and the cutting of zirconia particles was performed for 3 h. Prior to examination, all samples were sputtered with a thin layer of gold that permits the release of the heat generated during particle cutting for preventing the rise of the sample temperature. Figure 2 (a) shows a SEM image of zirconia particles prepared by the coaxial tubular reactor in one step process. Most zirconia particles prepared by micro reactor in one step process displayed a uniform size and a spherical shape. When the zirconia particles were enlarged, its surface was bumpy [ Fig. 2(b) ]. This is caused by the effect of sorbitan monooleate. Droplets in tube reactor were stabilized by the addition of surfactant because of inhibiting the agglomeration of droplet. Figure 2(c) shows an SEM image of the cross-section of the zirconia particle prepared by the coaxial tubular reactor in one step process. This cross-section revealed that the zirconia particles obtained by the coaxial tubular reactor in one step process had solid structure. This solid structure was attributed to the circulating flow in the tube reactor. Sotowa et al. revealed the flow behavior of droplet in micro reactor by fluid dynamics simulations. 22) The results indicated that the circulating flow occurred in the droplet. Suryo and Basaran also showed that the circulating flow in droplet generated in the micro reactor. 23 ) Figure 3 shows the particle size distribution of zirconia particles prepared by the tube reactor. Monodispersed zirconia particles with 57.5¯m of mean particle diameters could be created. This value was almost consistent with previous value of NaCl particles prepared by coaxial tube reactor. 18) This result indicated that the particle size depended on the flow patterns and selected solvents. As previously reported, the dispersed flow relatively could control the particle size distribution because of creating the particles within droplets even if the appropriate Fig. 1 . Schematic illustration of the coaxial tube reactor in two step process. Fig. 2 . SEM photographs of zirconia particles prepared by coaxial tube reactor in one step process (a) zirconia particles, (b) an enlarged view of zirconia particle, and (c) cross-section of zirconia particles.
solvents were selected. In addition, the particle size would be partially dependent on the selected solvents irrespective of the species of solute substances. To control further particle size in micro reactor, the design of surface tension of liquid would be necessary. The diameter of zirconia particles prepared by micro reactor was also affected by the inner diameter of this tube reactor. Further investigation will be necessary for solving the effect of these parameters on the particle size and morphology. Based on the above results, the formation mechanism for the solid zirconia particles in a dispersed flow is illustrated in Fig. 4 . The neutralization reaction between ammonia and zirconia occurred in liquid-liquid interface after ammonia diffused into aqueous solutions from solvent phase. The formation of zirconia particles occurred along with the spherical interface of droplet. In tube reactor, the circulating flow convected in the droplet, resulting in forming the solid zirconia particles.
A coaxial tube reactor in two step process was applied to create the porous zirconia particles. This process was divided into two parts; one part is the formation of droplet and the other part is the neutralization reaction in the liquid-liquid interfacial droplet. Figure 5(a) shows an SEM image of zirconia particles prepared by the coaxial tubular reactor in two step process. Most zirconia particles prepared by micro reactor in two step process displayed a uniform size and a spherical shape as well as those in one step process. Figure 5(b) shows a SEM image of the cross-section of the zirconia particle prepared in two step process. This crosssection revealed that the zirconia particles had a porous structure, resulting in formation of zirconia particles along the spherical interface. The monodispersed porous zirconia particles could be created even though the ammonia concentration was changed (Fig. 6) .
Based on the above results, we could succeed in preparing monodispersed zirconia particles. These processes could control the morphology of zirconia particles. Zirconia particles were prepared by neutralization reaction in interfacial reaction crystallization, not by alkoxide method from viewpoint of inexpensive and simplified approach. Further research is currently underway to characterize the zirconia particles prepared in these processes.
We tried to control morphology of zirconia particles using two kinds of coaxial tubular reactor. By tubular reactor in one step process, the monodispersed solid zirconia particles could be created. This form was attributed to the circulating flow in droplet following one step process. Then, the tubular reactor in two process was proposed for creating the porous zirconia particles. As a result, monodispersed porous zirconia particles could be prepared by the tubular reactor in two step process. These processes were the neutralization reaction in interfacial reaction crystallization, not by alkoxide method from viewpoint of inexpensive and simplified approach. Further research is currently underway to characterize the zirconia particles prepared in these processes. This article describes the preparation of spherical zirconia particles by the neutralization using tube reactor. We have already succeeded in preparing the composite particles using liquid-liquid interfacial crystallization in tube reactor. 18) Furthermore, composite particles in the presence of core particles could be prepared in tube reactor. In the future the coreshell hetero particles could be prepared by controlling the reaction rate of the neutralization in tube reactor. 5 . SEM photographs of zirconia particles prepared by coaxial tube reactor in two step process (a) zirconia particles and (b) cross-section of zirconia particle. Fig. 6 . Particle size distribution of zirconia particles prepared by coaxial tube reactor in two step process when ammonia concentration was changed.
